Antizyme inhibitor (AzI) regulates cellular polyamine homeostasis by binding to the polyamine-induced protein, Antizyme (Az), with greater affinity than ornithine decarboxylase (ODC). AzI is highly homologous to ODC but is not enzymatically active. In order to understand these specific characteristics of AzI and its differences from ODC, we determined the 3D structure of mouse AzI to 2.05 Å resolution. Both AzI and ODC crystallize as a dimer. However, fewer interactions at the dimer interface, a smaller buried surface area, and lack of symmetry of the interactions between residues from the two monomers in the AzI structure suggest that this dimeric structure is nonphysiological. In addition, the absence of residues and interactions required for pyridoxal 59-phosphate (PLP) binding suggests that AzI does not bind PLP. Biochemical studies confirmed the lack of PLP binding and revealed that AzI exists as a monomer in solution while ODC is dimeric. Our findings that AzI exists as a monomer and is unable to bind PLP provide two independent explanations for its lack of enzymatic activity and suggest the basis for its enhanced affinity toward Az.
Polyamines are small organic polycations that are essential for cell proliferation and play an important role in regulating other fundamental cellular processes. Elevated polyamine levels are observed in rapidly growing cells including transformed cells; thus, polyamine metabolism has been suggested as a potential target for cancer therapy (Pegg 1988; Marton and Pegg 1995; Wallace and Fraser 2004) . The range of intracellular polyamines is determined at the lower limit by their absolute requirement for cellular proliferation and at the upper limit by their cytotoxicity (Poulin et al. 1993; Tobias and Kahana 1995) , indicating a need for strict regulation of their intracellular concentration. Multiple pathways such as synthesis, uptake, degradation, and efflux regulate cellular polyamine levels. Ornithine decarboxylase (ODC) is the first and rate-limiting enzyme in the polyamine biosynthesis pathway (Pegg 2006) . It is a pyridoxal 59-phosphate (PLP)-dependent enzyme that provides the only route for converting ornithine to putrescine. ODC, which is characterized by a short intracellular half-life, is part of an autoregulatory circuit mediated by a polyamine-induced protein, termed Antizyme (Az). An increased intracellular polyamine concentration increases the synthesis of Az by stimulating ribosomal frameshifting (Rom and Kahana 1994; Matsufuji et al. 1995) . Az, in turn, binds to transient ODC monomer subunits with high affinity, preventing their re-association into active homodimers and targeting them for rapid degradation by the 26S proteasome (Murakami et al. 1992) . Az also regulates polyamine transport across the plasma membrane via an unknown mechanism Mitchell et al. 1994; Suzuki et al. 1994; Sakata et al. 2000 ).
An additional protein, termed Antizyme inhibitor (AzI), was demonstrated to regulate cellular polyamines and cellular proliferation, mainly by negating Az functions (Keren-Paz et al. 2006; Kim et al. 2006) . AzI is highly homologous to ODC but does not display ODC activity (Murakami et al. 1996) . AzI has a higher affinity for Az than ODC and therefore is able to sequester Az, resulting in reduced ODC degradation and enhanced polyamine uptake (Keren-Paz et al. 2006) . Consequently, overexpression of AzI increases cellular polyamine levels, leading to increased cellular proliferation and to cellular transformation (Keren-Paz et al. 2006; Kim et al. 2006) , while downregulation of AzI results in inhibition of cellular proliferation (Choi et al. 2005; Keren-Paz et al. 2006) . Thus, AzI is differentially expressed in gastric tumors compared to matched healthy tissue (Jung et al. 2000) . While AzI promotes cell proliferation by negating Az functions, it was suggested that AzI might also act in an Az-independent manner (Kim et al. 2006) .
Similar to ODC, AzI is also a rapidly degraded protein (Kitani and Fujisawa 1989; Bercovich and Kahana 2004) ; however, in contrast to ODC, AzI degradation is ubiquitin dependent and does not require interaction with Az or the C-terminal segment (Bercovich and Kahana 2004) , which, in the case of ODC, serves as a proteasomerecognition signal (Zhang et al. 2003) . In fact, interaction with Az actually stabilizes AzI by interfering with its ubiquitination (Bercovich and Kahana 2004) .
Here, we describe the first crystal structure of AzI to 2.05 Å resolution. Structural comparison of mouse AzI to ODC from various species revealed that the dimer interface of AzI is very different from that of ODC; AzI has fewer interactions in its dimer interface, a smaller buried surface area, and nonsymmetric interactions between residues from the two monomers. These findings support a nonphysiological dimer in the crystal, which was confirmed by biochemical studies, demonstrating that AzI exists as a monomer in solution. The crystal structure and biochemical experiments also show that AzI does not bind PLP. These findings provide the structural basis for the lack of ornithine decarboxylating activity of AzI and support its primary role in negating Az functions.
Results and Discussion

Overall structure of AzI
Mouse full-length AzI (residues 1-448) was produced in Escherichia coli and purified to homogeneity. AzI crystallized as a dimer in the asymmetric unit cell (observed electron density for residues 8-435 for each monomer) (Fig. 1A) . Each monomer consists of two domains: a TIM-like a/b-barrel domain (residues 45-280) and a modified Greek key b-sheet domain (residues 8-44 and 281-435) (Fig. 1B) . The TIM barrel domain is composed of eight parallel strands followed by a-helices in the following order: a 2 b 3 , h 1 a 3 b 4 , a 4 h 2 b 5 , a 5 b 6 , a 6 b 7 , a 7 b 8 , a 8 b 9 , and a 9 b 10 . The sheet domain is composed of two sheets (S1 and S2) that are perpendicular to each other and five helices (a 1 , h 3 , a 11 , h 5 , and h 6 ). The S1 sheet is The two monomers are essentially identical, with RMSD of 0.35 Å for all Ca atoms. The structure of AzI has several disordered regions. These include the first seven residues at the N terminus, the last 13 residues at the C terminus, and three disordered loops: amino acids 160-167, which connect b 7 to a 7 ; 294-310, connecting b 11 to b 12 ; and 330-334 between . 3 to b 13 .
Comparison of the AzI structure to that of ODCs
A primary sequence alignment and structural comparison of AzI to mouse (Kern et al. 1999) , human (Almrud et al. 2000) , and trypanosome (Jackson et al. 2000) ODC (mODC, hODC, and tODC, respectively) reveal high sequence identity (;50%) and structural similarity between AzI and ODC monomers from these different species (RMSD values of 1.85 Å , 1.6 Å , and 1.5 Å , respectively) (Figs. 2, 3A ). Significant conformational differences between AzI and the ODC structure lie in the two loops positioned at the dimer interface (AzI residues 355-362 and 387-401) (Fig. 3B ) and in the N and C termini (AzI residues 8-17 and 409-435, respectively) (Fig. 3C) . The N terminus of the AzI structure begins at residue 8 (orange) and a modified Greek key b-sheet domain (residues 8-44 and 281-435, with its helices in green and two sheets-S1 and S2-in blue and cyan, respectively). The figure was created using PyMOL (DeLano Scientific).
forming a b strand (b1) that is well aligned with the corresponding b strand of all the ODC structures (Figs. 2,  3C ). While no electron density is observed for the first few residues of the N terminus of the AzI, hODC, and tODC structures, in mODC, this region is structured, as residues 3-6 form a b strand (bÀ1) (Fig. 3C ). Electron density is observed at the C terminus of AzI (between residues 428 and 435), which is absent in all the ODC structures. Interestingly, this extra segment forms a b strand (b18), which is in close proximity to b1 formed by the N terminus (Figs. 1A, 3C ). This arrangement allows stabilizing interactions between the AzI termini. In contrast to AzI, the ODC structures lack electron density in their C termini, yielding a large separation between the N and C termini. This in turn may facilitate the exposure of the seemingly unstructured ODC C terminus upon interaction with Az (Li and Coffino 1993) .
Structure of AzI suggests its existence as a monomer in solution
AzI crystallizes as a dimer such that the two monomers adopt a head-to-tail orientation as observed in the ODC Figure 2 . Sequence alignment of mAzI, mODC, hODC, and tODC (numbering refers to the sequence of AzI). AzI secondary-structure elements are labeled above the corresponding sequence; a-helices are indicated by spirals, and b strands by arrows. Residues conserved in all four proteins appear in red blocks. The figure was created using ESPript (Gouet et al. 1999). dimer. The two monomers of AzI exhibit only 43 contacts (up 3.5 Å ), while significantly more contacts are observed between the two monomers of hODC, mODC, and tODC (83, 74, and 69, respectively). Furthermore, the surface area buried by the two AzI monomers is smaller than that buried by the mODC monomers (1492 Å 2 per monomer compared to 2284 Å 2 , which are 8% and 13% of the solvent accessible area, respectively, calculated by PISA [Krissinel and Henrick 2007] ). These properties support a very loose crystallographic dimer.
A detailed analysis of all the interactions in the dimer interface of AzI and mODC demonstrates that the two dimer interfaces are characterized by different interactions, as shown in Table 1 . It has been shown that the monomer association of tODC is driven by small energetic contributions of residues distributed throughout the ODC interface (Myers et al. 2001) . Most of the interactions shown to contribute to ODC dimerization are not present in AzI. In fact, many of the interactions in AzI are unique, with the exception of that occurring between K141 and I288. Superposition of the two structures reveals significant conformational differences in two loops between residues 355-362 and 387-401 (Fig. 3B) . Most of the unique interactions in AzI involve residues from these loops. Many of the interactions in the ODC interface involve residues that are conserved among the ODCs from various species but are different in AzI. Moreover, even those that are conserved in AzI do not participate in interdimer interactions (highlighted residues in Table 1 ). These include the two salt bridges, K169-D364 and D134-K294, which stabilize the ODC homodimer (Kern et al. 1999) . In AzI, all four residues are conserved, yet these two salt bridges are not formed. A careful inspection of the AzI dimer interface demonstrates that the two monomers are further apart compared to those of ODC, preventing the formation of these interactions.
Conserved hydrophobic residues in ODC form a zipper that stabilizes its homodimeric structure (Kern et al. 1999; Myers et al. 2001 ). These residues include F397(B), Y323(B), Y331(A), Y331(B), Y323(A), and F397(A) (A and B correspond to the two monomers, respectively) (Fig. 4A) . Y331, an important residue in the ODC zipper, is changed to S329 in AzI and interferes with the formation of a similar zipper in AzI (Fig. 4B) . The ODC dimer is further stabilized by multiple interactions formed by Y331 with V322, Y323, N327, and L330 of the opposite monomer. Thus, in AzI, where Y331 is a serine, neither these multiple interactions nor formation of the hydrophobic zipper can occur.
As opposed to the ODC dimer, the crystallographic dimer of AzI lacks symmetry between its interactions. In the ODC dimer, all the interactions between residues from monomer A with B are reflected in reciprocal interactions from B to A, creating a twofold symmetry that is often observed in physiological dimers (Table 1 ) (Goodsell and Olson 2000) . The only three symmetrical interactions in AzI involve residue D397 (which forms multiple interactions with residues of the opposite monomer) and interactions K141-I288 and E391-A394 (Table  1) . Consequently, the AzI dimer is not symmetrical, further suggesting that the dimeric structure is not maintained in solution.
Our findings of a small number of interdimer contacts, a small buried surface area, missing salt bridges, absence of hydrophobic zipper and the lack of symmetry between the interactions, all suggest that the dimeric structure of the AzI crystal is nonphysiological. 
Biochemical studies demonstrate that AzI exists as a monomer in solution
In its active form, ODC is a homodimer that contains two active sites located at the interface between its subunits (Tobias and Kahana 1993; Coleman et al. 1994) . In solution, ODC exists in equilibrium between active dimers and inactive monomers (Pegg 2006) . As AzI has no ornithine decarboxylating activity we set out to determine whether AzI exists in solution as a dimer or a 
a All numbering corresponds to the sequence of AzI. Numbering in parentheses corresponds to mODC. b ODC corresponds to the conservation of the interacting residues among ODCs from mouse, human, and trypanosoma. c AzI corresponds to the conservation of the interacting residues in AzI compared to ODC.
monomer. Cross-linking analysis failed to demonstrate AzI dimers while readily revealing ODC dimers (Fig.  5A ), suggesting that AzI exists predominantly in a monomeric state. This was further confirmed by comparing the migration of recombinant AzI and ODC proteins on a size-exclusion column; our results showed that, while ODC migrated predominantly as a dimer with a small proportion of monomers, AzI migrated solely as a monomer (Fig. 5B ). These results demonstrate that under physiological conditions, AzI is a monomer. This supports our structural study indicating that AzI is a nonphysiological dimer. This phenomenon of proteins that crystallize as nonspecific dimers while physiologically existing as a monomer is well documented in the literature (Bahadur et al. 2004; Dafforn 2007) . AzI is a regulator of Az, which in turn regulates ODC. This delicate regulatory process is fine-tuned by the different affinity that these two proteins have toward Az. As opposed to ODC monomers that are known to bind Az, ODC dimers do not interact with Az (Mitchell and Chen 1990) . Active ODC dimers have been shown to be in rapid equilibrium with inactive monomers, providing a pool of monomers, which are needed for ODC regulation by Az. We, therefore, suggest that the fact that AzI is always a monomer, makes it more available for this interaction, and contributes to the higher affinity of AzI toward Az.
AzI does not bind PLP
PLP-dependent enzymes have conserved active-site residues and secondary-structural features, implying that they have similar PLP binding sites (Momany et al. 1995) . A comparative analysis of the structures of AzI versus those of ODC suggests that AzI does not bind PLP. Many of the residues involved in mediating PLP binding in ODC are not conserved in AzI. These include D88A, R154H, R277S, D332E, and Y389D (ODC residue numbering followed by the amino acid in AzI) (Kern et al. 1999 ). Thus, the environment formed by AzI is different than that of ODC, possibly preventing important interactions between AzI and PLP (Fig. 6) . It is important to note in this respect that the loss of even one of these interactions, as exemplified in the ODC R277A mutant, results in a 100-fold decrease in PLP binding as well as a 50% drop in K cat and a sevenfold decrease in K M (Osterman et al. 1997 ).
Therefore, we tested the structural prediction that AzI may lack ODC activity due to inability to bind PLP. Two independent experimental approaches were used to determine whether AzI binds PLP. In the first, both ODC and AzI were translated in vitro in reticulocyte lysate and were tested for their ability to bind to pyridoxamine phosphate (PMP) beads, and the ability of PLP to displace this interaction (Boucek Jr. and Lembach 1977) . In contrast to ODC, which efficiently bound to the PMP beads, and was eluted by PLP, no AzI binding was noted (Fig. 7A) . The second method is based on direct determination of bound PLP in proteins (Adams 1979) . Equal amounts of ODC and AzI were incubated in a buffer containing PLP, and unbound PLP was then removed by dialysis. Fluorometric measurement of PLP released from the protein after trichloroacetic acid precipitation revealed that, while an equimolar amount of PLP was released from ODC, no PLP was released from AzI (Fig.  7B) . Thus, we conclude that AzI does not bind PLP.
Conclusion
In this study we identified two independent properties underlying the lack of ornithine decarboxylating activity by AzI. While its sequence and structure are highly homologous to those of ODC, AzI does not bind PLP, and it does not form dimers. Both properties have been demonstrated here biochemically and rationalized structurally. The fact that AzI exists only as a monomer excludes the possibility of it functioning as an enzyme but does provide it with an advantage toward its primary function, namely, regulating Az. ODC on the other hand, is in equilibrium between active dimers and inactive monomers that are available for Az binding. This delicate regulatory process is tuned by the enhanced affinity of AzI toward Az, compared to that of ODC. Once bound, Az stabilizes AzI by interfering with its ubiquitination. Solving the structure of the Az-AzI complex may shed light on the mechanism of this stabilization process.
Materials and Methods
Expression and purification of selenomethionine recombinant AzI
Full-length AzI was cloned into pETG-20A (a gift from A. Gerloff, EMBL Hamburg, Germany) by recombination using the Gateway system. AzI was produced as an N-terminal Trx6His fusion that included a tobacco etch virus (TEV) protease cleavage site to allow removal of the Trx-6His tag. BL21(DE3) bacteria expressing pETG20-Trx-His-TEV-AzI were grown at 37°C in M9 minimal medium containing glucose (0.4 w/v) and ampicillin (100 mg/mL). When cultures reached A 600 ¼ 0.6, the following substances were added as solids per 1 L of culture; selenomethionine (50 mg), along with lysine hydrochloride (100 mg), threonine (100 mg), phenylalanine (100 mg), leucine (50 mg), isoleucine (50 mg), and valine (50 mg). Protein expression was induced with 100 mM of isopropyl-1-thio-b-D-galactopyranoside (IPTG) at 15°C for 24 h. Bacteria were lysed by sonication in 50 mM Tris-HCl pH 7.5, 500 mM NaCl, and 1 mM PMSF, protease inhibitor cocktail (Calbiochem) in the presence of DNase (1 mg/mL) and lysosyme (40 U/mL culture). Soluble protein was purified using a Ni-NTA column (HiTrap chelating HP, Amersham) followed by gel filtration chromatography (HiLoad 16/60 Superdex 200, Amersham) in 50 mM Tris pH 7.5, 0.1 M NaCl, and 1 mM DTT. Pooled fractions containing AzI were then purified by ion-exchange chromatography (Tricorn Q 10/100GL, Amersham). The recombinant protein was cleaved by TEV protease overnight at 4°C, followed by an additional Ni-NTA column purification to remove excess TEV, the Trx-His fusion, and the uncleaved protein. The cleaved purified protein was passed through a HiPrep 26/10 desalting column in 20 mM Tris 7.5, 50 mM NaCl, and 5 mM DTT and concentrated to 13 mg/mL for crystallization experiments. 
Crystallization, data collection, and refinement
Crystals of AzI were obtained by the microbatch method (Chayen et al. 1992) , under oil, using the Oryx6 robot (Douglas Instruments Ltd.). Selenomethionine AzI crystals were grown from a precipitating solution of 100 mM Tris pH 8, 16% PEG 6000 and 0.2 M CaCl 2 , and 14 mM 6-dimethyl-4-heptyl-b-Dmaltoside. Crystals formed in space group P2 1 2 1 2, with cell constants a ¼ 92.98 Å , b ¼ 98.46 Å , and c ¼ 117.49 Å , and contained two monomers in the asymmetric unit cell with V m of 2.71 Å 3 /Da. Multiple-wavelength anomalous diffraction data from a single crystal were collected at the European Synchrotron Radiation Facility (ESRF) beamline, ID 14-4. Bijvoet pairs to 2.04 Å resolution were collected at the peak, inflection, and at a remote wavelength. The diffraction images were indexed and integrated using the program HKL2000 (Otwinowski and Minor 1997) . The integrated reflections were scaled using the program SCALEPACK (Otwinowski and Minor 1997) . Structure factor amplitudes were calculated using TRUNCATE from the CCP4 program suite (French and Wilson 1978) . Details of the data collection are described in Table 2 . Selenium sites were identified with the programs SOLVE (Terwilliger and Berendzen 1997) and RESOLVE (Terwilliger 2000 (Terwilliger , 2003 as implemented in the program PHENIX. All steps of atomic refinement were carried out with the program CCP4/Refmac5 (Murshudov et al. 1997) . Calculations of overall anisotropic temperature factors and noncrystallographic symmetry restraints were performed throughout all the refinement steps. The model was built to 2F obs ÀF calc , and F obs ÀF calc maps using the program COOT (Emsley and Cowtan 2004) . In later rounds of refinement, water molecules were built into peaks greater than 3s in F obs ÀF calc maps. The current model includes residues 8-159, 168-293, 311-329, 334-341, 348-435, and 193 water molecules. The electron density map of AzI shows a strong symmetric peak, of ;7s, situated at the crystallographic axis. This density could not be accounted for, as none of the molecules present in the crystallization condition exhibit a symmetric structure. The R free value is 24.07% (for the 5% of reflections not used in the refinement), and the R work value is 19.97% for all data to 2.05 Å . The AzI model was evaluated with the program PROCHECK (Laskowski et al. 1993) . Details of the refinement statistics of the AzI structure are described in Table 2 . The coordinates and structure factors for AzI have been deposited in the RCSB Protein Data Bank under accession number 3BTN. All figures depicting structures were prepared using PyMOL (DeLano Scientific). Sequence alignment was performed using ESPript (Gouet et al. 1999 ).
Determination of binding to pyridoxamine-59-phosphate
Pyridoxamine 59-phosphate (PMP) was coupled to AffiGel 10 (Bio-Rad) according to the manufacturer's instructions. In brief, 1 g of matrix was washed with 100 mL of cold, deionized water. The washed matrix was incubated with 200 mg of PMP in 0.1 M sodium phosphate buffer, pH 7.0, for 24 h at 4°C with continuous agitation. Unreacted groups were blocked by incubation with 1 M ethanolamine (pH 8.0) for 1 h; the gel was washed with 1 M NaCl in 10 mM sodium phosphate buffer, pH 7.0, and stored in 10 mM sodium phosphate buffer.
35 S-labeled proteins were incubated with 150 mL of PMP agarose beads in incubation buffer (25 mM Tris-HCl pH 7.5, 10 mM EDTA, 5 mM DTT) for 12 h at 4°C. The beads were washed three times with 1.5 mL of incubation buffer containing 15 mM KCl, and the bound material eluted with 40 mL of incubation buffer containing 100 mM pyridoxal 5-phosphate by incubation for 60 min at 37°C.
Fluorimetric determination of pyridoxal phosphate
PLP bound to ODC and AzI was determined as described previously (Adams 1979) . First, 50 mg of AzI and ODC were incubated in ODC activity buffer (25 mM Tris-HCl pH 7.5, 2.5 mM DTT, 0.1 mM EDTA, containing 100 mM PLP), and unbound PLP was removed by dialysis. The proteins were diluted in 0.2 mL of 5 mM potassium phosphate buffer, pH 7.4. The samples were incubated for 15 min at 50°C following the addition of 0.2 mL of 11% trichloroacetic acid. Next, 140 mL of 3.3 M K 2 HPO 4 and 50 mL of 20 mM KCN were added, and the samples incubated for an additional 25 min at 50°C. Finally, 70 mL of 28% H 3 PO 4 and 1 mL of 2 M KAc were added, and fluorescence was measured at an excitation wavelength of 325 nm and emission wavelength of 420 nm.
Cross-linking analysis
In vitro-translated [
35 S]methionine-labeled ODC, AzI, and their derived mutants were incubated for 3 h at 25°C in 10 mM TrisHCl, pH 7.1, either alone or with 1 mM ethylene glycol bis(sulfosuccinimidylsuccinate) (sulfo-EGS, Pierce). The cross-linking reaction was terminated by the addition of 0.1 volume of 0.5 M Tris-HCl, pH 7.5. The cross-linked material was mixed with protein gel sample buffer, heated to 100°C for 5 min, and fractionated by SDS-polyacrylamide gel electrophoresis. The labeled proteins were visualized using a Fuji BAS 2500 phosphorimager.
